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ARTICLE COMPRISING A TWO-DIMENSIONAL PHOTONIC CRYSTAL 
COUPLER AND METHOD OF MAKING THE SAME 

Inventors: Ananth Dodabalapur, Attila Mekis, John A. Rogers, and Richart E. 
5 Slusher 

RELATED APPLICATIONS 

This application is a continuation-in-part of U.S. patent application Serial No. 
09/385,167 filed August 30, 1999, which is incorporated herein by reference. 

10 FIELD OF THE INVENTION 

The present invention relates to a photonic crystal coupler and more particularly, 
to an article comprising a two-dimensional photonic crystal coupler which advantageously 
is integrated with one or more one-dimensional photonic crystal lasers. 

BACKGROUND OF THE INVENTION 

15 Couplers are important devices for many communication applications and in 

integrated photonic circuits. Couplers are needed to combine or separate signals and to 
interconnect the various points of a communications network. The are many constraints 
involved with coupler design, however. Such constraints include the laser structure with 
which the coupler may be used, the number of ports, sensitivity to light transmission 

20 direction, wavelength selectivity, type of fiber, signal attenuation, and cost. High-power 
distributed feedback (DFB) lasers are light sources of choice in many optical 
communications systems, which makes coupling the laser light out of planar waveguides 
and possibly into fibers a crucial technological issue. Traditionally, one-dimensional 


grating couplers (GCs) and focusing GCs have been used to couple laser light out of a 
waveguide plane and achieve coherent scattering of the light. See, e,g,, A. Katzir et al, 
Appl. Phys. Lett. 30, 225 (1977); Loewen et al, Diffractton Gratings and 
Applications (M. Dekker, NY 1997); D. Heitmann et al, Appl. Phys. Lett. 37, 585 
(1980); Hatakoshi et aL, Appl. Opt. 23, 1749 (1984); P. Borsboom et al, J. Opt. Soc. 
Am. A12, 1142(1995). 

There are drawbacks, however, with such one-dimensional gratings, particularly 
with regard to the directionality of the output light. The direction of the output light 
naturally affects how well the light may be coupled into receivers or other devices, e.g., 
planar waveguides and fibers. Both one-dimensional grating couplers and focusing grating 
couplers have periodicity in a single spatial direction. One-dimensional GCs have straight 
grooves, whereas focusing GCs, also called grating lenses, have a curvelinear grating. The 
direction of light output fi-om a coupler is determined by phase-matching the scattered 
wave to the guided wave. One-dimensional grating couplers couple light to a cylindrical 
wave, as shovm in FIG. lA, necessitating the use of additional optics to direct the light 
into a fiber. Focussing grating couplers focus light to a point in space in the vicinity of the 
grating at a distance on the order of the grating size, as shown in FIG. IB. With focusing 
couplers, a receiver may only be placed at a certain fixed distance fi-om the coupler, and in 
the far field, light is coupled to a spherical wave. 

Additionally, semiconductor lasers using organic or polymeric materials and 
electrically-driven laser action have recently attracted a great deal of interest. Organic 
solid-state lasers have the potential to provide a compact low-cost laser source over a 


broad range of wavelengths throughout the visible spectrum. Organic lasers also influence 
research in other areas and have led to advances with both organic and inorganic 
semiconductor lasers, as described in A. Dodabalapur et aL, "Organic SoM-State Lasers: 
Past and Future^ Science Vol. 277 (Sept. 19, 1997), at pp. 1787-1788, incorporated 
herein, and in U.S. patent application Serial No. 09/385,167, referenced above (hereinafter 
the "'167 application"). 

Examples of advances in organic or inorganic semiconductor lasers include the 
successful realization of distributed feedback (DFB) and distributed Bragg reflector 
(DBR) lasers with dye-doped polymers and the widespread use of InP-based DFB and 
DBR lasers. Such lasers exhibit superior single frequency operation and high-speed 
modulation characteristics, e.g., as compared with Fabry-Perot lasers. DFB and DBR are 
deployed in many commercial systems including long-haul fiber optic communication 
systems. An assembly comprising a DBR or DBF laser monolithically integrated with an 
off-plane computer-generated waveguide hologram and semiconductor amplifier is 
disclosed in Feng et al, ''Grating-Assisted Surface-Emitting Laser Transmitter with 
Image-Forming Capability'" IEEE Photonics Tech. Letters, Vol 10, No. 12 (Dec. 1998). 
Feng et al. define their computer-generated hologram as "essentially a surface relief 
grating-like" structure the design of which is not clearly defined. 

DFB and DBR lasers are examples of one-dimensional photonic-crystal lasers 
since they possess one-dimensional gratings as part of their structure. One-dimensional 
photonic crystal lasers provide many advantages. For example, the density of states is 
sharply peaked at the edges of the air and dielectric bands, leading to low thresholds. 


Although two-dimensional photonic crystal lasers have been demonstrated {see, e.g., M. 
Meier et ai, APPL. Phys. Lett. 86, 3502 (1999), which is incorporated herein}, for many 
applications one-dimensional lasers remain preferred. 

As may be appreciated, those involved in the field of communications systems and 
5 semiconductor devices continue to seek to develop new designs to improve device 
eflBciency and performance and to allow for the use of new materials, such as GaN and 
plastics. In particular, it would be advantageous to provide a coupler that avoids the 
directionality restraints of one-dimensional and focusing GCs that is compatible with one- 
dimensional photonic crystal lasers such as DFB and DBR lasers. 

10 SUMMARY OF THE INVENTION 

Summarily described, the invention comprises an article that includes a two- 
dimensional photonic crystal coupler. The coupler comprises a core region disposed 
between two cladding regions, in which the core region has a grating formed in two- 
dimensions. Unlike traditional grating couplers, this two-dimensional photonic crystal 

15 coupler can couple light into a single or a discrete number of directions in the far-field. 
The coupler can be integrated with one-dimensional lasers, a distributed feedback laser, a 
distributed Bragg reflector laser, and integrated on the same waveguide as the lasers. The 
coupler can also be ensconced with other optical components (such as gratings) to form 
composite devices which effectively function as lasers with unique output coupling 

20 characteristics. 


A 


BRIEF DESCRIPTION OF THE DRAWINGS 


To illustrate the invention, there is shown in the drawings a form of the invention 
which is presently preferred, it being understood, however, that the invention is not limited 
to the precise arrangements and instrumentalities shown. 

5 FIGS. lA and IB are schematic illustrations representing the directional output 

from one-dimensional grating and focusing couplers, respectively; 

FIG. 2 is a schematic illustration representing the directional output from a two- 
dimensional grating coupler; 

FIG. 3 is a schematic illustration reflecting the phase-matching condition in a 
10 reciprocal lattice of a triangular two-dimensional photonic crystal coupler; 

FIGS. 4A and 4B are cut-away cross-sectional top and side views, respectively, of 
a waveguide structure comprising a two-dimensional photonic crystal coupler and laser; 

FIG. 5 is a plot of the coupling constant and the ratio of the power coupled into air 
to the total scattered power, both as a function of grating depth, for the coupling structure 
15 of FIGS. 4A-4B; 

FIG. 6A is a schematic cross-sectional side view of the waveguide laser-coupler 

device; 

FIG, 6B is a schematic view taken along the cross-sectional line 6-6 of FIG. 6 A; 

FIG. 7 schematically illustrates a top view of a two-dimensional triangular lattice 
20 coupler integrated with six lasers; 


FIG. 8A is a schematic illustration of a pattern for a photoresist layer for use in 
making the two-dimensional coupler ensconsed within a pair of DBR lasers; 

FIG. 8B is a schematic illustration of a second pattern and dimensions for a 
photoresist layer for use in making the two-dimensional coupler ensconsed within a pair of 
5 DBR lasers; and 

FIG. 9 is a schematic cross-sectional side view of a waveguide laser-coupler device 
together with a substrate and LED for use as a laser structure illustrating one exemplary 
application for the two-dimensional coupler. 

DETAILED DESCRIPTION OF THE INVENTION 

10 With this invention, a two-dimensional photonic crystal grating coupler is provided 

that achieves dramatic advantages over traditional GCs in coupling directionality. Unlike 
traditional grating couplers, this two-dimensional photonic crystal coupler can couple light 
into a single or a discrete number of directions in the far-field; that is, the output light may 
be unidirectional or follow a plurality of discrete directions. Additionally, the inventive 

15 coupler can be integrated on the same waveguide as a one-dimensional laser, such as an 
organic DFB laser and fabricated together with the laser, thus realizing the advantages of 
both the one-dimensional laser and the two-dimensional coupler. 

With the two-dimensional grating coupler, a core region is disposed between two 
cladding regions, in which the core region receives light from a first device and outputs 
20 light to a second device, i.e., the index of refraction of the core relative to the cladding is 
such that there is internal reflection of light at the core. The core region has a grating 
formed in two-dimensions. Introduction of periodicity in this additional spatial direction 


increases the number of constraints on the output angles. Light is then coupled out into a 
single or a number of discrete directions, as schematically illustrated in FIG. 2. In other 
words, light is not output in a cylindrical or spherical wave, as with the one-dimensional 
GCs of the prior art (e.g., as in FIGS. 1 A-IB), but rather, it is unidirectional or follows a 
5 plurality of discrete paths. The two-dimensional coupler is a dramatic improvement over 
traditional grating couplers in coupling directionality. 

The discussion below is divided into five parts. In part A, the coupling mechanism 
in two-dimensional photonic crystal couplers and the effect of design parameters on 
output directions are described. In Part B, numerical simulations are used to calculate 

10 coupling constants for a photonic crystal coupler in an exemplary waveguide structure. In 
Part C, examples are set forth for use of the photonic crystal coupler in conjunction with a 
one-dimensional laser and integration of the laser and coupler during fabrication. In Part 
D, an exemplary method of making the laser-coupler device is described. Then in Part E, 
contemplated applications for use of the two-dimensional photonic crystal coupler and the 

15 laser-coupler configuration are discussed. 

A. Coupling Mechanism and Effect of Design Parameters on Output Directions 

Factors applicable in designing a two-dimensional photonic crystal coupler may be 
analyzed by considering a grating in a planar dielectric waveguide on top of a substrate. 
Let the wavevector of the waveguided mode incident on the grating section be its fi-ee- 
20 space wavelength X, the in-plane component of the scattered radiation wavevector K, and 
the polar angle of the output direction 6. If the number of periods in the grating is large, 


the field scattered by the grating will interfere constructively only in certain directions. 
The phase-matching condition is 

k^K+G (1) 

where G is a reciprocal lattice vector by which the lattice diffracts the propagating mode 
5 out of the guide. The azimuthal angle of the radiation direction is easily determined fi-om 
(1) and the polar angle fi-om the same equation as 

sin %^X\k'G\/2%n (2) 

where n is the refi'active index of the medium (air or substrate) into which the radiation is 
emitted. 

10 The two-dimensional coupler may take many shapes and be fabricated with a 

variety of materials (as fiirther described below); however, equations (1) and (2) above 
may be applied generally in designing the two-dimensional coupler and selecting the 
correct lattice parameters to achieve coupling in a desired direction. FIG. 3 illustrates the 
phase-matching condition in a reciprocal lattice of a triangular two-dimensional photonic 

15 crystal coupler for a guided mode wavevector. The emitted radiation is in two directions 
K, K' so this gratmg acts as a two-way splitter. Light is emitted into one half-space into 
two directions, with different azimuthal and polar angles. This is not possible with a 
traditional one-dimensional GC. Since sin 6 < 1, there are only a finite number of 
reciprocal lattice vectors that satisfy Equation (2). 

20 


B. Numerical Simulations For Calculating Coupling Constants For A Photonic Crystal 
Coupler In An Exemplary Waveguide Structure 

The coupling constants for a photonic crystal coupler can be determined explicitly. 
5 Consider for example a waveguide structure consisting of two layers disposed on a silicon 
substrate, partially illustrated in FIGS. 4A-4B, in which a two-dimensional coupler 
functions as both a laser and a coupler (thus, the laser is a two-dimensional laser). FIGS. 
4A-4B showing the same cut-away sections of this exemplary waveguide structure, 
wherein FIG, 4 A shows a top view (/.e., of one lattice hole), and FIG. 4B shows a cross- 

10 sectional side view of the hole. The waveguide structure has a Si02 substrate 110 (with a 
refractive index n = 1.46), and two overlying layers 111, 1 12, comprising a first layer 111 
of 100 nm thick Si3N4 (with a refractive index n = 2.0) and a second layer 112 of an 
organic material (with a refractive index « = 1.7). The lattice holes for forming the grating 
of the photonic crystal coupler are etched into the Si3N4 layer before sublimation of the 

15 second layer 112 so that the organic material will fill the holes comprising the grating. 
The photonic crystal is selected in this example to be a square lattice of holes with lattice 
constant a, hole radius r = 0.375a, and hole depth b. However, vertical coupling can also 
be achieved using other kinds of lattices, such as triangular, rectangular, honeycomb, etc. 

In this example, the lattice parameters are chosen as follows. To satisfy Equation 
20 (2) for vertical emission (^ = 0), A: must be a reciprocal lattice vector. For only vertical 
emission into both substrate and air, the right-hand-side must be larger than 1 for \k - 
G I > 0. This is possible when a<}/n. In terms of the guide effective index Wg, kc^2n< 
n^M must hold for both substrate and air refractive indices w. In this example, X = 650 
nm, We = 1.63 and w 1.46; consequently, k = iTt/a. This yields a lattice constant a = 400 


nm, which is achievable with lithographical methods. If the index contrast between the 
guide and the substrate is larger than set forth in this example and the ratio n^M is greater, 
several feasible lattice constants could be selected. 

The next step is to calculate the coupling constant for the waveguide grating. For 
5 shnplicity, let the guided mode propagation direction be x, and let the grating have length 
Lx in this direction. As the mode propagates, its intensity decays exponentially due to 
scattering losses. The amplitude coupling constant a is defined as one half of the 
fractional change in the power flux P along the guide. The power flux and the energy E 
per unit length are related to the group velocity Vg of the waveguide without the grating 
10 through 

P^v.EIL^ (3) 

and the total radiated power scattered by the grating is Ps = dE^t, Therefore we can 
express a in terms of E as 

15 

^_ I dP _ I P, ^ I d{\nE) 

^ IP dx IP 2v^ dt ^ ^ 

In these numerical simulations, Maxwell's equations may be solved using a finite- 
difference scheme on a three-dimensional rectangular grid. See, e.g., K.S. Kunz et al., 
20 The Finite Difference Time Domain Method For Electromagnetics (CRC press, 
Boca Raton 1993). The grid is periodic in the x- andy- directions and contains one unit 
cell of the photonic crystal slab. In the z- direction, the cell is terminated by a second- 
order Mur's absorbing boundary condition. A TE polarized dipole source with a Gaussian 


LO 


time-profile placed in the center of the slab excites a guided mode of the slab. The energy 
in the cell and the flux through the top and bottom are measured as a function of time. 
The cell is long enough in the z- direction so that the escaping flux due to the finite extent 
of the cell is negligible compared to the energy in the mode for a slab without the grating. 

The excited mode is a superposition of two counter-propagating waves. The 
grating has a plane of symmetry perpendicular to the propagation direction x The two 
propagating modes combine to give a mode that is symmetric and one that is asymmetric 
with respect to reflection through this plane. The asymmetric mode cannot couple to fi^ee- 
space plane waves, so no energy is lost fi*om the slab when this mode is excited. The 
symmetric mode, however, loses energy at twice the rate of the propagating mode. In 
contrast to one-dimensional gratings, modes can combine in a more complicated fashion; 
for instance, four modes, or even six, can mix in a triangular lattice. 

We observe an exponential decay of the energy of the symmetric mode excited by 
the pulse, as expected. We use equation (4) to determine 2a fi*om the decay constant. 
The unperturbed waveguide for which is used in (4) is not simply the original 
waveguide with 6 = 0 but is defined by the zeroth order component in the Fourier 
decomposition of the dielectric constant. For fixed b, this is a waveguide with b = 0 and 
effective organic thickness h = h^ -50nm + 7ir^b and d~\50nm-h. The resulting 
group velocity found fi-om the dispersion relation for this waveguide fits very well in the 
formula /c = 0.508 + {b + 0.125)^ , where b is given in units of ^im. 

FIG. 5 is a plot of the resulting coupling constant and the ratio of the power 
coupled into air to the total scattered power, both as a fimction of the grating depth. The 

Ll 


dashed line reflects power coupled into air divided by the total power coupled out of the 
guide, and the solid line reflects alpha. For small 6, the increase is quadratic. At its 
maximum, the coupling constant exceeds 110 cm'V Even though this coupling constant 
would still require a grating of length ^ lOOiiim, the coupler size can be reduced by 

5 ensconcing the photonic crystal coupler within one-dimensional gratings at each end to 
realize a resonant-cavity coupler. The beam divergence of the emitted light beam is on the 
order of %JnL, where L is the size of the grating in the direction in which the beam 
divergence is measured. For a 30 |im x 30 |im grating this is about P for radiation into 
air, thus enabling compact and very efficient photonic crystal couplers. The size of the 
10 couplers may be reduced even further allowing for facile and efficient coupling into single- 
mode fibers. 

The coupling efficiency as shown in FIG. 5 increases with b and exceeds 60% at 
the maximum depth considered. Since at A = 0 the ratio is undetermined, the efficiency for 
small b was obtained from interpolation using a structure with b < 0, that is, a Si3N4 

15 cylinder of height -b protruding into the organic layer. The increase with b and the tumoff 
at large grating depth can be understood by considering the scattering due to the 
perturbation as a source of a plane wave in the Si3N4 layer. The coefficient of 
transmission into air through an organic layer of effective thickness Ae, and index n has 
maxima at he = N7uy^2(on, N being an odd integer. From this picture we expect 

20 transmission to be approximately sinusoidal as he changes, with a maximum at he = 96 nm, 
or b = 103nm (from N = 0). This is in good qualitative agreement with the calculated 
coupling efficiency. 


As can be seen, two-dimensional photonic crystal couplers can couple light into a 
discrete number of directions in the far-field. The two-dimensional photonic crystal 
couplers can effect unidirectional coupling and compact photonic crystal couplers with 
short coupling lengths (< SOjam) and small beam divergences (< 5 degrees) can be realized 
5 and fabricated together with planar DFB lasers. Because of the time-reversibility of 
Maxwell's equations, light can be coupled into planar waveguides with the same type of 
photonic crystal couplers from vertically emitting sources, such as vertical cavity surface 
emitting lasers. 

C Exemplary Photonic Crystal Coupler and One-Dimensional Laser Structures 

10 A single one-dimensional photonic crystal laser (e.g., DBR laser), may be 

integrated with the two-dimensional coupler. For example, FIG. 6 is a schematic cross- 
sectional side view of the coupler integrated with a laser. The waveguide laser 30 has a 
core region 32 comprised of a material having a first index of refi^action surrounded by 
cladding layers 34a, 34b having a second index of refi-action lower than the first so that 

15 light pumped into the core region 32 will be guided therein (e.g., along the guided mode 
35), by total internal reflection. Within the core region 32 of the laser is fabricated a one- 
dimensional grating 36. The laser 30 is joined with coupler 40, having core region 42, 
cladding regions 44a, 44b, and a two-dimensional grating 46 formed in the core. 

The laser 30 and coupler 40 share a common waveguide and can be formed on the 
20 same substrate. When the laser has a high absorption coefficient (in the unpumped state), 
it may be advantageous to use a slightly different material composition in the coupler to 
reduce absorption losses, as the coupler is not pumped. For example, the coupler may 
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have a loss coefficient smaller than the coupling constant, A design guideline is that the 
loss coefficient of the coupler is < 10 cm'\ FIG. 6B shows a schematic cross-sectional top 
view of the coupler 40 of FIG. 6 A, along the cross-sectional line 6-6 of FIG. 6 A, showing 
preferred parameters for coupling. In particular, as shovm in FIG. 6B, for a square lattice 
5 the distance spanning the side of each square of the lattice is 0.22 |im and the distance 
from one comer of one square to the proximal comer of the next adjacent square is 0.44 
|im. 

Additionally, a plurality of one-dimensional photonic crystal lasers may be 
integrated with the same coupler. In this case, the coupler functions as a mixer as well as 

10 a coupler. The number of lasers and orientation relative to the coupler should be selected 
so that the two-dimensional character of the coupler is retained. For example, when a 
coupler having a two-dimensional triangular lattice is used, six lasers may be combined at 
directions that are 60 degrees apart relative to each other. Such an arrangement is 
schematically shown in FIG. 7 A, in which each arrow represents the path of light emitted 

15 from a laser that is integrated with the coupler. In this embodiment, all six modes can mix. 
The parameters of the two-dimensional lattice will affect the number of points in real 
space that the laser emissions are coupled to. For example, when a two-dimensional 
lattice with square symmetry is used, mixing and combining of the modes can occur along 
four directions. With the two-dimensional triangular lattice, six directions may be used, 

20 and also, the emissions from all six lasers can be directed vertically, which is advantageous 
for high-powered lasers. 
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The two-dimensional photonic crystal coupler also may be ensconced within the 
one-dimensional laser structure. In other words, the coupler can be fabricated as a 
"defect" in a one-dimensional photonic crystal laser, and the gratings of the one- 
dimensional photonic crystal laser function as mirrors which create a "resonant cavity 
5 coupler " For example, FIG. 7B shows the index modulation pattern of the composite 
device where the two-dimensional photonic crystal coupler is ensconced between two 
DBR mirrors. In this case, the two-dimensional coupler is formed with a square lattice. 
The width of the waveguide (which runs substantially perpendicular to the Bragg mirrors) 
can be reduced to dimensions that are sufficiently small to function in single mode. The 
10 dimension of the waveguide will depend on the wavelength and materials. For example, at 
a wavelength of 700 nm, a III-IV semiconductor laser can function as a single-mode laser 
when the width of the waveguide is about 2-3 microns, wherein the "width" denotes the 
dimension perpendicular to the direction of light propagation and parallel to the plane of 
the layers (core, cladding, etc.) (e,g., illustrated in FIG. 6A with reference 'V"). 

15 The length of the coupler advantageously is approximately the same as the width 

of the waveguide. The coupling constant of the two-dimensional photonic crystal may be 
small (e.g., about 100 cm"^) such that over a coupler length of 2-3 microns, a small 
fraction (e.g., about 2 percent) of the guided light can be outcoupled. However, the 
resonant structure will enhance the amount of coupling. 

20 D. Method of Making the Laser-Coupler Device 

By way of example, a two-dimensional coupler can be ensconsed within two DBR 
lasers for use as a dielectric waveguide as follows. A silicon substrate is provided and 
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coated with a thick layer (e.g., about 4 micrometers in thickness) of SiOa having a 
refractive index of about 1.5 A photoresist is applied to the Si/Si02 structure and 
patterned as shown in FIG. 8A. The exposed portions of the sample (/.e., not covered by 
the photoresist) are then etched, applying methods known in the field for etching 
5 photoresist. For example, the sample may be etched by a plasma with CHF3 for about 2 
minutes at a pressure of about 30 mTorr and a plasma voltage of about 300 V which 
typically etches to a depth of about 30 nm in the SiOa layer. The photoresist is then 
removed, applying methods known in the field, e.g., by use of an oxygen plasma. A 
pattern is thus formed on the sample that is inverse of the pattern shown in FIG. 8 A, to 

10 produce first order grating regions 50, and second order (square lattice) grating region 60. 
The photoresist preferably is applied and the sample etched to produce a periodicity of 
210 nm for the first order grating and 420 nm for the second order grating. Of course, 
other patterns may be used to form gratings with different structures. In integrating a 
two-dimensional coupler with a one-dimensional laser, basically a two-dimensional latticed 

15 pattern is formed adjacent at least one one-dimensional linear pattern. 

The sample is again coated with thick photoresist and patterned to form a cross- 
shaped pattern as illustrated in FIG. 8B. As shown in FIG. 8B, each of the arms of the 
cross are substantially equally-sized and about 2 or 3 jim thick (t ^ 2-3 |im) and about 25 
|xm long (1 = 25 m). The sample is then etched to a depth of about 3 micrometers, with 
20 the photoresist protecting the grating patterns previously defined. The photoresist is then 
removed, applying known methods, to expose the one- and two-dimensional grating 
regions. 
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A thin film (e.g., ^ 200 nm) of 8 hydroxyquinoline aluminum (Alq) doped with 1% 
by weight of DCM (a laser dye available fi-om Exciton Inc.) is deposited above the 
structure. The optical properties of Alq doped with DCM and its use as a laser gain 
medium are described in the literature, and suitable compositions and mixtures for use as 
5 the gain medium are further described in A. Dodabalapur, '^Resonators and Materials for 
Organic Lasers Based on Energy Transfer, ** IEEE J. OF SELECTED Topics in Quan. 
Elec, Vol. 4, No. 1 (Jan./Feb. 1998), which is incorporated herein by reference. Alq 
doped with DCM has a refractive index of about 1.65-1.85. The thickness of the organic 
film is selected so that the organic layer will function as the core, whereas the Si02 layer 
10 and air will serve as the cladding. The thin gain medium and the depth of the etched 
waveguide are such that the optical mode or modes that are guided are isolated fi-om the 
substrate. A suitable waveguide depth is, for example, 3 )im. The term "cross-coupled" 
laser may also be used to designate this device. Here, the coupler part cross-couples the 
laser radiation created in the arms. 

15 The resulting structure may be pumped with a nitrogen laser (having a wavelength 

of 337 nm). The Alq molecules will absorb this light, and the excitations that are created 
are transferred to the DCM molecules by Forster transfer. If the excitation intensity is 
sufficiently high, laser action is created, and the waveguide emission is coupled out of the 
plane by the two-dimensional square lattice. With a coupler fabricated with the 

20 parameters of this example, the laser emission will be at about 640 nm and the light will be 
output coupled at an angle of approximately 90 degrees relative to the surface plane of the 
substrate. The geometry described with reference to FIGS. 8A and 8B can also be 
advantageously employed for the case of the resonant cavity coupler described previously. 


Cross-coupled lasers can also be implemented with other types of 2D photonic 
crystals besides the square lattice described above. For example, a triangular lattice 
coupled be used for the central coupler portion. In this case, three lasers could be used 
intersecting at an angle of 120 degrees with respect to each other. In cross-coupled lasers, 
5 some of the arms can be passive, e.g., with no optical gain generated in those portions. 
Additionally, in certain cross-coupled lasers, the different arms may be injection locked to 
obtain single mode operation. The phenomenon of injection locking is well known in the 
art. 

E. Applications 

10 This inventive laser-coupler configuration may be used in conjunction with a laser 

structure for achieving electrically-driven lasing, invoking properties of both organic and 
polymeric LEDs and photoexcited lasers, as described in the '167 application. FIG. 9 
shows a schematic cross-sectional side view of a structure for a laser including a 
waveguide laser-coupler. In FIG. 9, the laser structure includes a substrate 10 having a 

15 first side 11 and a second side 12. An LED 20 is fabricated on the first side 11, and a 
waveguide laser 30 is fabricated on the second side 12. The laser 30 is combined with an 
output coupler 40 to direct the laser emission in a desired direction. The substrate may be 
fabricated with glass or plastic and is transparent to visible light. A dielectric quarter wave 
stack layer 15 may be disposed between the substrate 10 and LED 20. The LED 20 may 

20 comprise a planar microcavity LED, as described in A. Dodabalapur et al, Physics and 
Applications of Organic Microcavity Light Emitting Diodes,'^ J. APPL. Phys. Vol. 80 (12) 
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(Dec. 15, 1996), at pp. 6954-6964, incorporated herein. The substrate may be configured 
as described in the ' 167 application. 

The above laser structure represents just one of the many possible applications for 
the two-dimensional photonic crystal coupler. The coupler may be used with various 

5 other lasers and communications devices. For example, with the inventive coupler, light 
may be received fi*om vertically-emitting sources, such as vertical cavity surface emitting 
lasers, and coupled into planar waveguides. The couplers may be implemented with lasers 
based on InP substrates emitting at 1.3 to 1.6 mm useful in optical communications 
systems, and surface emitting lasers may be used. The couplers or device structures 

10 shown in FIGS. 8A and 8B also may be implemented with lasers based on GaN, InGaN 
and AlGaN, contemplated for use as short wavelength sources (e,g,, about < 500 nm), 
useful for many applications including information storage and CDROMs. Again, a 
surface emitting laser technology can be used. Optically-pumped lasers based on rare- 
earth doped dielectrics (e.g., erbium doped Si02) can be used with the two-dimensional 

15 couplers, for applications in optical amplifiers and lasers. The invention also can be 
integrated with quantum cascade lasers usefiil for mid-infi*ared wavelengths, and a surface 
emitting quantum cascade laser can be achieved. 

It should be understood that the above-described applications are exemplary only, 
and that the present invention may be embodied in other specific forms without departing 
20 from the spirit or essential attributes therefor. Accordingly, reference should be made to 
appended claims, rather than to the foregoing specification, as indicating the scope of the 
invention. 


CLAIMS; 

The invention clamed is: 

1. An article including a coupler comprising a core region disposed between two 
cladding regions, in which the core region receives light from at least one first de\dce and 

5 outputs light to at least one second device, the core region having a grating formed in 
two-dimensions so that light is output from the coupler in at least one discrete direction. 

2. The article of claim 1 in which the at least one first device is selected from a 
distributed feedback laser and a distributed Bragg reflector laser. 

10 

3. The article of claim 2 in which the coupler is integrated on the same waveguide as 
the at least one first device. 

4. The article of claim 1 in which one of the two cladding regions comprises air. 

15 

5. The article of claim 1 in which one of the two cladding regions comprises Si02. 

6. The article of claim 1 in which the core region comprises an organic material. 
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7. The article of claim 6 in which the core region comprises 8-hydroxyquinoline 
aluminum doped with a laser dye. 

8. The article of claim 1 in which the two-dimensional grating comprises a square or 
5 a triangular latticed grating. 

9. The article of claim 8 comprising the coupler ensconced within at least two 
distributed Bragg reflector mirrors. 

10 10. The article of claim 1 in which the at least one first device comprises a plurality of 
lasers. 

11. The article of claim 10 in which the coupler is integrated on the same substrate as 
the plurality of lasers for emitting light to the coupler along a plurality of directions. 

15 

12. The article of claim 1 in which the coupler is ensconced between two distributed 
Bragg reflector lasers. 
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13. The article of claim 1 in which the coupler is a two-dimensional photonic crystal 
ensconced between a plurality of one-dimensional photonic crystal layers functioning as 
mirrors to define a resonant cavity coupler. 

5 14. The article of claim 1 in which the first device comprises a vertical cavity surface 
emitting laser. 

15. The article of claim 1 in which the second device comprises a planar waveguide. 

10 16. The article of claim 1 in which the at least one first device is selected fi^om lasers 
fabricated with InP, GaN, InGaN, AlGaN, InGaAs, InGaAsP, GaAs, and AlGaAs. 

17. The article of claim 1 in which the first device comprises a quantum cascade laser, 
15 18. An optical communications system comprising the article of claim 1 . 

19. An article comprising a two-dimensional photonic crystal coupler integrated with 
at least one one-dimensional photonic crystal laser wherein the gratings of the one- 
dimensional photonic crystal laser fiinction as mirrors to define a resonant cavity coupler. 

20 


22 


20. A method of making a two-dimensional photonic crystal coupler integrated with a 
one-dimensional laser comprising 

coating a silicon substrate with a layer of Si02; 

applying a first layer of photoresist on the SiOi layer; 

5 patterning the first layer of photoresist to define a two-dimensional latticed pattern 

adjacent at least one one-dimensional linear pattern; 

etching the exposed areas of the structure not covered by the first layer of 
photoresist to define a two-dimensional grating region adjacent a one-dimensional grating 
region; 

10 removing the first layer of photoresist; 

covering the one and two-dimensional grating regions with a second layer of 
photoresist to define second exposed areas of the structure beyond the grating regions; 

etching the second exposed areas of the structure; 

removing the second layer of photoresist; and 

15 applying a layer of organic material over the structure. 
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ABSTRACT 

A two-dimensional photonic crystal coupler is disclosed, together with a cross- 
coupled laser structure that is based on a two-dimensional photonic crystal coupler stage. 
Unlike traditional grating couplers, this two-dimensional photonic crystal coupler can 
couple light into a single or a plurality of discrete directions in the far-field, Le., the output 
light may be unidirectional or discrete. The coupler can be integrated with one- 
dimensional lasers, a distributed feedback laser, a distributed Bragg reflector laser, and 
integrated on the same waveguide as the lasers. A resonant cavity coupler design 
improves the coupling efficiency of two-dimensional photonic crystal-based couplers. 
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IN THE UNITED STATES 
PATENT AND TRADEMARK OFFICE 

Declaration and Power of Attorney 
As the below named inventor, I hereby declare that: 

My residence, post office address and citizenship are as stated below next to 
my name. 

I believe I am the original, first and sole inventor of the subject matter which is 
claimed and for which a patent is sought on the invention entitled ARTICLE 
COMPRISING A TWO-DIMENSIONAL PHOTONIC CRYSTAL COUPLER AND 
METHOD OF MAKING THE SAME the specification of which is attached hereto. 

I hereby state that I have reviewed and understand the contents of the above 
identified specification, including the claims, as amended by an amendment, if any, 
specifically referred to in this oath or declaration. 

I acknowledge the duty to disclose all information known to me which is 
material to patentability as defined in Title 37, Code of Federal Regulations, 1.56. 

I hereby claim foreign priority benefits under Title 35, United States Code, 
119 of any foreign application(s) for patent or inventor's certificate listed below and 
have also identified below any foreign application for patent or Inventor's certificate 
having a filing date before that of the application on which priority is claimed: 

None 

I hereby claim the benefit under Title 35, United States Code, 120 of any 
United States application(s) listed below and, insofar as the subject matter of each 
of the claims of this application is not disclosed in the prior United States application 
in the manner provided by the first paragraph of Title 35, United States Code, 1 12, I 
acknowledge the duty to disclose all information known to me to be material to 
patentability as defined in Title 37, Code of Federal Regulations, 1.56 which became 
available between the filing date of the prior application and the national or PCT 
international filing date of this application: 

None 

I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information and belief are believed to be true; 
and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that such willful false 
statements may jeopardize the validity of the application or any patent issued 
thereon. 
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I hereby appoint the following attorney(s) with full power of substitution and 
revocation, to prosecute said application, to make alterations and amendments 
therein, to receive the patent, and to transact all business in the Patent and 
Trademark Office connected therewith: 


Lester H. Birnbaum 
Richard J. Botos 
Jeffery J. Brosemer 
Kenneth M. Brown 
Craig J. Cox 
Donald P. Dinella 
Guy Eriksen 
Martin I. Finston 
James H. Fox 
William S. Francos 
Barry H. Freedman 
Julio A. Garceran 
Mony R. Ghose 
Jimmy Goo 
Anthony Grille 
Stephen M. Gurey 
John M. Harman 
Michael B. Johannesen 
Mark A. Kurisko 
Irena Lager 

Christopher N. Malvone 
Scott W. McLellan 
Martin G. Meder 
John C. Moran 
Michael A. Morra 
Gregory J. Murgia 
Claude R. Narcisse 
Joseph J. Opalach 
Neil R. Ormos 
Eugen E. Pacher 
Jack R. Penrod 
Daniel J. Piotrowski 
Gregory C. Ranieri 
Scott J. Rittman 
Eugene J. Rosenthal 
Bruce S. Schneider 
Ronald D. Slusky 
David L. Smith 
Patricia A. Verlangieri 
John P. Veschi 
David Volejnicek 
Charles L. Warren 
Jeffrey M. Weinick 


(Reg. No. 25830) 
(Reg. No. 32016) 
(Reg. No. 36096) 
(Reg. No. 37590) 
(Reg. No. 39643) 
(Reg. No. 39961) 
(Reg. No. 41736) 
(Reg. No. 31613) 
(Reg. No. 29379) 
(Reg. No. 38456) 
(Reg. No. 26166) 
(Reg. No. 37138) 
(Reg. No. 38159) 
(Reg. No. 36528) 
(Reg. No. 36535) 
(Reg. No. 27336) 
(Reg. No. 38173) 
(Reg. No. 35557) 
(Reg. No. 38944) 
(Reg. No. 39260) 
(Reg. No. 34866) 
(Reg. No. 30776) 
(Reg. No. 34674) 
(Reg. No. 30782) 
(Reg. No. 28975) 
(Reg. No. 41209) 
(Reg. No. 38979) 
(Reg. No. 36229) 
(Reg. No. 35309) 
(Reg. No. 29964) 
(Reg. No. 31864) 
(Reg. No. 42079) 
(Reg. No. 29695) 
(Reg. No. 39010) 
(Reg. No. 36658) 
(Reg. No. 27949) 
(Reg. No. 26585) 
(Reg. No. 30592) 
(Reg. No. 42201) 
(Reg. No. 39058) 
(Reg. No. 29355) 
(Reg. No. 27407) 
(Reg. No. 36304) 


Eli Weiss 
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I hereby appoint the attorney(s) on ATTACHMENT A as associate attorney(s) 
in the aforementioned application, with full power solely to prosecute said 
application, to make alterations and amendments therein, to receive the patent, and 
to transact all business in the Patent and Trademark Office connected with the 
prosecution of said application. No other powers are granted to such associate 
attorney(s) and such associate attorney(s) are specifically denied any power of 
substitution or revocation. 


Full name of 1st joint inventor: ANANTH DODABALAPUR 
Inventor's 

signature Date 

Residence: Millington, County of Morris and State of New Jersey 
Citizenship: India 

Post Office Address: 62 Hilltop Road 

Millington, New Jersey 07946 

Full name of 2nd joint inventor: ATTILA MEKIS 
Inventor's 

signature Date 

Residence: Cambridge, County of Middlesex and State of Massachusetts 
Citizenship: Hungary 

Post Office Address: 540 Memorial Drive, Apt. 1409 

Cambridge, Massachusetts 02139 
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Full name of 3rd joint inventor: JOHN A. ROGERS 
Inventor's 

signature Date 

Residence: New Providence, County of Union and State of New Jersey 

Citizenship: United States of America 

Post Office Address: 1 200 Springfield Avenue, Apt. 1 C 

New Providence, New Jersey 07974 


Full name of 4th joint inventor: RICHART ELLIOTT SLUSHER 
Inventor's 

signatur e Date 

Residence: Lebanon, County of Hunterdon and State of New Jersey 

Citizenship: United States of America 

Post Office Address: 79 Guinea Hollow Road 

Lebanon, New Jersey 08833 
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Attorney Nanne(s): Bruce M. Collins 
Ronald Gould 
Diane Dunn McKay 
Glen E. Books 
Anastasia P. Winslow 
Charles J. Brumlik 
Mary S. Kakefuda 


Reg. No.: 20,066 

Reg. No.: 28,299 

Reg. No.: 34,586 

Reg. No. 24,950 

Reg. No.: 40,875 

Reg. No.: 42,367 

Reg. No. 39,245 


Telephone calls should be made to Anastasia P. Winslow at: 
Phone No.: 609-924-8555 
Fax No.: 609-924-3036 


All written communications are to be addressed to: 


Anastasia P. Winslow, Esq. 
Mathews, Collins, Shepherd & Gould, P.A. 
100 Thanet Circle, Suite 306 
Princeton, NJ 08540 


